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The spindle-assembly checkpoint of the cell cycle develops in Xenopus laevis embryos at the midblastula transition (MBT).
Our previous experiments using animal-cap blastomeres indicate that the checkpoint is regulated by a mechanism that
depends on age, but not on the nucleocytoplasmic (N/C) ratio (Clute and Masui, 1995). In the present study, the time of
appearance of the spindle-assembly checkpoint is examined in animal-cap blastomeres whose N/C ratio is reduced by
treatment with aphidicolin. Animal-cap blastomeres treated with aphidicolin from the 2-cell stage cleave more slowly
after 4th cleavage, in a dose-dependent manner, but cleavage and chromosome cycles continue up to the 11th to 13th
cleavage and then arrest. Blastomeres treated with aphidicolin have a reduced DNA content and N/C ratio compared to
control blastomeres of the same age. Nevertheless, nocodazole-sensitive chromosome cycles appear at the same time as
in control blastomeres, at 3 to 5 hr after 5th cleavage, regardless of the N/C ratio. The arrest in interphase caused by
treating blastula stage animal caps with aphidicolin can be reversed by treatment with caffeine. The caffeine-induced
mitosis becomes sensitive to nocodazole after the MBT, but not before. Therefore, the same mechanism which stabilizes
maturation-promoting factor activity in the absence of a mitotic spindle also operates after the MBT in blastomeres that
are treated with aphidicolin, if mitosis is induced by caffeine. This mechanism may involve the translation of a maternal
mRNA at the time of the MBT, as suggested previously. q 1997 Academic Press
INTRODUCTION urchin (Evans et al., 1983; Yoneda and Schroeder, 1984;
Sluder et al., 1986), clam (Hunt et al., 1992), and Drosophila
(Whit®eld et al., 1990), as well as mammalian cells (DraettaIn eukaryotic cells, cell-cycle checkpoint mechanisms are
and Beach, 1988; Kung et al., 1990; Schimke et al., 1991;activated, and progress through the cell cycle is delayed, if
Seino et al., 1991).certain events essential for the cycle to continue are pre-
Early embryos of many animals lack these cell-cyclevented (for reviews, see Hartwell and Weinert, 1989; Mur-
checkpoints and acquire them during development (Murray,ray, 1994). Activation of maturation-promoting factor
1989; Murray and Kirschner, 1989). In Xenopus laevis, the(MPF), required for cell-cycle progression from interphase
spindle-assembly checkpoint of the cell cycle develops atto the mitotic phase (M phase), can be prevented by agents
the midblastula transition (MBT) (Clute and Masui, 1992).which inhibit DNA replication, thus prolonging interphase.
Thus, nocodazole increases the mean mitotic index of ani-Inactivation of MPF can also be prevented before cells exit
mal caps only after 12th cleavage, or from the beginning offrom M phase, at the ``spindle-assembly checkpoint,'' by
the 13th chromosome cycle. Therefore, the appearance ofpreventing the assembly of a normal mitotic spindle. Thus,
the spindle-assembly checkpoint in Xenopus embryos canM phase can be prolonged by microtubule inhibitors in a
be considered part of the MBT, along with the change fromvariety of cells, including yeast (Enoch and Nurse, 1991;
synchronous to asynchronous cleavages and the onset ofHoyt et al., 1991; Li and Murray, 1991), embryos of sea
transcription (Signoret and Lefresne, 1971; Newport and
Kirschner, 1982).
In Xenopus embryos, these two MBT events and the spin-1 To whom correspondence should be addressed. Present address:
dle-assembly checkpoint appear to be regulated by distinctWellcome/CRC Institute, Tennis Court Road, Cambridge CB2 1QR,
England. Fax: (1223) 334089. E-mail: pc228@cam.ac.uk. mechanisms. The time of onset of asynchronous cleavages
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and of transcription in blastomeres depends on a critical some cycles were induced in these blastomeres by caffeine
treatment, and changes in the mitotic index were comparednucleocytoplasmic (N/C) ratio, corresponding to that of ani-
mal-cap blastomeres at the MBT. These events can both be between control cells and those treated with nocodazole,
before and after MBT.elicited prematurely, or can be delayed, by increasing or
decreasing the initial N/C ratio of the embryo, respectively In the ®rst experiment, we found that the mean mitotic
index was always increased by nocodazole treatment at a(Kobayakawa and Kubota, 1981; Newport and Kirschner,
1982; Krieg and Melton, 1985; Clute and Masui, 1995). In critical chronological age, regardless of the N/C ratio,
whether blastomeres had been treated with aphidicolin orcontrast, the timing of the appearance of the spindle-assem-
bly checkpoint cannot be altered by changing the N/C ratio. not. In the second experiment, we found that nocodazole
increased the mitotic index of caffeine-treated blastula cells,In embryos with the N/C ratio experimentally altered, chro-
mosome cycles ®rst become sensitive to nocodazole at a whether aphidicolin-treated or not, only after the MBT, but
not before the MBT.constant chronological age, of 3 to 5 hr after 5th cleavage,
when the mean mitotic index of nocodazole-treated animal
blastomeres ®rst exceeds that of control, regardless of the
N/C ratio (Clute and Masui, 1995). This suggests that in MATERIALS AND METHODS
Xenopus blastomeres, the spindle-assembly checkpoint is
regulated by an age-dependent mechanism, rather than by Solutions. Modi®ed Danilchik's (MD) solution (Keller et al.,
1985) and calcium-free MD (CFMD) solution were made as de-an N/C-dependent one. Contrary to the in vivo experiment
scribed previously (Clute and Masui, 1995), as was the hypertonicmentioned above, nocodazole causes arrest of MPF cycles
solution in which embryos were demembranated (Clute and Masui,in Xenopus egg extracts containing high concentrations of
1992). Stock solutions at 10 mg/ml in dimethyl sulfoxide (DMSO)sperm nuclei, but not lower concentrations of nuclei (Mins-
of nocodazole (Sigma) and aphidicolin (Sigma) were stored at0207Chull et al., 1994). This suggests that in egg extracts, the
and were diluted with MD or CFMD solution just before use. Caf-
spindle-assembly checkpoint can be activated by the N/ feine (Sigma) was dissolved in MD solution just before use.
C ratio. However, an essential difference in biochemical Embryos, animal caps, and dissociated cells. Embryos of X.
activity exists between the in vivo and in vitro systems, laevis were obtained and dejellied before use as described pre-
since in vivo, no MAP kinase activity can be detected once viously (Clute and Masui, 1992). Dejellied embryos after 3rd cleav-
age were exposed for 10 min to hypertonic solution in an agar-eggs are activated (Ferell et al., 1991; Gotoh et al., 1991),
coated dish, and then the fertilization membrane was removed us-whereas in vitro, it reappears coincidentally with MPF cy-
ing forceps. To obtain animal caps, demembranated embryos aftercles (Minshull et al., 1994).
5th cleavage were placed in an agar-coated dish containing MDIn view of the discrepancy between the results of in vivo
solution, and the animal-most 1/3 of the embryo was cut off usingand in vitro experiments, it is necessary to verify by a differ-
a glass needle and transferred into an agar-coated dish containingent approach whether the spindle-assembly checkpoint in
MD solution. To obtain dissociated animal-cap blastomeres, de-
Xenopus embryos is regulated by the age-dependent mecha- membranated embryos were transferred before 4th cleavage into
nism or the N/C-dependent mechanism. Therefore, this an agar-coated dish containing CFMD solution. After 6th cleavage,
time we attempted to alter the N/C ratio of blastomeres by single blastomeres from the animal-pole region were transferred
chemical means without changing the volume of cyto- into CFMD solution in a gelatin-coated dish (Clute and Masui,
1992), for further culture at 20 { 17C.plasm, or cell size. Theoretically, the N/C ratio of animal-
Chemical treatments of blastomeres. All treatments were car-cap blastomeres may be decreased by inhibiting DNA syn-
ried out at 20 { 17C. Embryos from which dissociated cells orthesis without inhibiting cleavage or, conversely, the ratio
animal caps were to be obtained were treated with aphidicolin atmay be increased by inhibiting cleavage without inhibiting
concentrations ranging from 2 to 100 mg/ml, or with 1% DMSODNA synthesis. However, in the latter case, the N/C ratio
as control, continuously from the 2-cell stage. Also, animal capscannot be increased without aging the blastomeres, and the
dissected from untreated blastulae were immediately transferred
polyploid blastomeres that result attain the same N/C ratio to 50 mg/ml aphidicolin solution or 0.5% DMSO as control and
as normal blastomeres of the same chronological age. This were allowed to stand for 0 to 5 hr. Some of these were treated
makes it dif®cult to draw a conclusion from such an ap- with 50 mg/ml aphidicolin and 5 mM caffeine simultaneously, for
proach. Therefore, in the present study, the N/C ratio of 0 to 5 hr, or with 50 mg/ml aphidicolin and 1 mg/ml nocodazole,
for 2 hr. Animal caps from embryos which had been treated withanimal-cap blastomeres was decreased by inhibiting DNA
10 mg/ml aphidicolin or 0.1% DMSO as control from the 2-cellsynthesis with aphidicolin, which does not inhibit cleavage
stage were treated with nocodazole at 1 mg/ml or 0.1% DMSO forof blastomeres until they reach the MBT. We ®rst compared
2 hr in the presence of 10 mg/ml aphidicolin, beginning at 1-hrthe time of onset of microtubule-dependent chromosome
intervals from 5th cleavage.cycles between blastomeres in which the N/C ratio had
Observation of cleavage synchrony. Embryos were demembra-been decreased by aphidicolin treatment and those with a
nated after 3rd cleavage and were transferred into CFMD solution
normal N/C ratio. This was achieved by observing changes containing aphidicolin or DMSO, to dissociate blastomeres. At 5-
in the mitotic index induced by nocodazole at various times min intervals, the number of animal-hemisphere blastomeres in
during cleavage. However, during the blastula stage, aphidi- each embryo was counted. Thus, the percentage of animal hemi-
colin-treated blastomeres cease to cleave and chromosome spheres that contained double the number of blastomeres of the
previous cell cycle (i.e., doubling frequency) was calculated at 5-cycles become arrested at interphase. Therefore, chromo-
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min intervals. Immediately after 6th cleavage, 6 to 14 single blasto-
meres of the animal-pole region of each embryo were isolated.
These blastomeres continued to cleave so that each one formed a
cluster of cells, which also were counted at 5-min intervals, and
the percentage of cell clusters containing double the number of
cells of the previous cycle was calculated. From these data, dou-
bling frequencies were plotted against time, and the average dou-
bling time for each cell cycle and its coef®cient of variation (SD/
average doubling time) were calculated, as previously described
(Clute and Masui, 1995). The doubling frequency plots and the
coef®cients of variation of the average doubling times were used
as indicators of cleavage asynchrony, as previously described (Clute
and Masui, 1995).
Cytology and counting the mitotic index. Animals caps treated
with aphidicolin, caffeine, nocodazole, or combinations thereof, or
with DMSO as control, were ®xed in alcohol/acetic acid ®xative
containing cetylpyridinium chloride immediately at the end of
each treatment. They were stained with Hoechst 33342 and made
into squash preparations as described previously (Clute and Masui,
1992). Control and drug-treated blastomeres were scored at in-
terphase or M phase and the mitotic index was calculated for 50 FIG. 1. Average doubling times of animal-cap blastomeres dissoci-
to 100 cells from the same embryo, as described previously (Clute ated from embryos exposed to 2 to 100 mg/ml aphidicolin from the
and Masui, 1992). The mean mitotic index was calculated using 2-cell stage. At 5-min intervals, the number of animal-hemisphere
10 to 78 embryos. cells in each embryo was counted. After 3rd cleavage, embryos were
Micro¯uorometry of nuclear DNA. The amount of DNA in demembranated and transferred into CFMD solution containing
nuclei of aphidicolin-treated blastomeres was compared with that aphidicolin to dissociate, while counting of cells at 5-min intervals
in fully replicated nuclei by ¯uorometry as follows: ¯uorescence was continued. Immediately after 6th cleavage, 6 to 14 single blas-
emitted from Hoechst-stained nuclei was quanti®ed through a ®l- tomeres were separated from the animal-pole region of each em-
ter at wavelengths of 340 to 380 nm using a video camera (Sony bryo, and their progeny were counted at 5-min intervals. The aver-
CCD). Values of ¯uorescence were integrated over 10 video frames age doubling time was calculated as the average time for cells of
for each nucleus, under the condition that the threshold range of an embryo to increase in number from 2n01 to 2n, by nth cleavage,
gray values used to delimit the boundary of the nucleus was set to with an error of 2.5 min (Clute and Masui, 1995). For numbers of
a lower limit of 27 and a higher limit of 255, by computer-assisted cases examined, see Table 2.
microscopy (Northern Exposure computer program, Empix Im-
aging, Mississauga).
doubling times of those treated at lower concentrations
gradually increased after the 5th cycle and only trebled atRESULTS
the 8th or 9th cycle (Fig. 1). In untreated blastomeres and
in control blastomeres treated with 1% DMSO, doublingOnset of Spindle-Assembly Checkpoint in
times remained at about 32 min from the 5th to the 9thAphidicolin-Treated Blastomeres
cycle (Fig. 1; Clute and Masui, 1995). Thus, cell cycles of
aphidicolin-treated blastomeres became signi®cantly de-Animal-Cap Blastomeres Treated with Aphidicolin
layed compared with controls (as seen in Fig. 6).from the 2-Cell Stage
After completing the 11th, 12th, or 13th cleavage, al-
most all of the blastomeres exposed to aphidicolin com-Progression of cleavages. Embryos exposed from the 2-
cell stage to aphidicolin at concentrations ranging from 2 pletely ceased cleaving, regardless of the concentration
used (Table 1). Control blastomeres treated with 1%to 100 mg/ml were demembranated after 3rd cleavage and
were transferred into CFMD solution containing the same DMSO completed the 16th cleavage by 2 hr after aphidi-
colin-treated blastomeres ceased to cleave (Fig. 2). Simi-concentration of aphidicolin to dissociate. Blastomeres con-
tinued to cleave while dissociating in the presence of the larly, they completed the 19th or 20th cleavage by 8 hr
after aphidicolin-treated blastomeres stopped. Exposuredrug, and the average time for cells to double in number
(from 2n01 to 2n by nth cleavage) remained constant at about of aphidicolin-arrested blastomeres to 0.3% trypan blue
for 15 min indicated that they remained viable for at least32 min until 4th cleavage, both in control cells and in those
treated with aphidicolin at all concentrations (Fig. 1). How- 8 hr, since they were unstained and showed signs of cyto-
plasmic movement during this period.ever, during the 5th cycle, the doubling time of blastomeres
treated with 50 or 100 mg/ml aphidicolin approximately tre- In order to examine the effects of aphidicolin on the syn-
chrony of cleavage cycles, the degree of synchrony for eachbled to a maximum of 97 to 107 min. After the 6th cycle,
it decreased to between 74 and 84 min and remained there cycle was compared between aphidicolin-treated and un-
treated, control blastomeres. We ®rst observed doubling fre-during subsequent cycles up to the 9th. In comparison, the
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TABLE 1
Ultimate Cleavage Cycle Completed by Animal-Cap Blastomeres Treated with Aphidicolin from the 2-Cell Stage
Aphidicolin Total Blastomere clusters arrested at cleavage
concentration clusters
(mg/ml) examined 10th 11th 12th 13th 14th
2 26 2 5 12 7 0
10 40 3 15 20 1 1
50 20 3 1 4 10 2
100 5 0 5 0 0 0
quencies at 5-min intervals, i.e., the percentage of blasto- Nuclear and chromosomal morphology. To observe the
effects of DNA synthesis inhibition on mitosis, embryosmeres that had completed a speci®c cleavage but had not
yet started the next cleavage (Clute and Masui, 1995). It was were exposed to 10 mg/ml aphidicolin or 0.1% DMSO as
control from the 2-cell stage and were demembranated afterfound that the doubling frequencies of control blastomeres
always reached 100% during the 4th to 12th cycles (Figs. 3rd cleavage. Their animal caps were isolated after 5th
cleavage. These were further cultured in the presence of 103A±3D), whereas in blastomeres exposed to 10 mg/ml
aphidicolin from the 2-cell stage, they failed to reach 100% mg/ml aphidicolin or 0.1% DMSO for 2 to 7 hr. Therefore,
the total exposure time was 3.5 to 8.5 hr. At the end ofafter the 4th or 5th cycle (Figs. 3E±3H). These results indi-
cate that cell cycles remained synchronous up to 11th cleav- treatment, the blastomeres were ®xed and stained with
Hoechst to examine their nuclear morphology. In all treat-age in control animal-cap blastomeres, but that the timing
of cleavages was perturbed in aphidicolin-treated cells, re- ments, control blastomeres exposed to DMSO showed ei-
ther typical interphasic or mitotic ®gures; they containedsulting in an early onset of cleavage asynchrony.
Next, we compared the coef®cient of variation (SD/aver- a nucleus or chromosomes condensed to various degrees,
as described previously (Clute and Masui, 1992).age) of the cell doubling times between control blastomeres
and those treated with aphidicolin. This remained less than In contrast, aphidicolin-treated blastomeres underwent
0.2 in control blastomeres during the 3rd to 9th cycles, atypical mitosis, exhibiting incomplete chromosome sepa-
whereas in aphidicolin-treated blastomeres, it increased ration (Figs. 4a±4c) and conjoined sister nuclei (Fig. 4d). The
above 0.2 before the 9th cycle (Table 2), coincidentally with frequencies of these abnormalities increased with increas-
an increase in the average doubling time in a dose-depen- ing time of exposure to aphidicolin from less than 20% for
dent manner (Fig. 1). Since the coef®cient of variation in- 3.5 to 4.5 hr of exposure to 42% for 8.5 hr of exposure. In
creases above 0.2 when cleavages become asynchronous addition, some aphidicolin-treated blastomeres contained
(Clute and Masui, 1995), this result also indicates that punctate spots of condensed chromatin, which resembled
cleavages become asynchronous and doubling times in- prematurely condensed chromosomes described by Johnson
crease earlier in aphidicolin-treated blastomeres than in un- and Rao (1970) (Fig. 4e). These were counted as M-phase
treated control blastomeres. ®gures when the mitotic index was calculated. The nuclei
in blastomeres exposed to aphidicolin for longer than 5.5
hr were small or weakly stained (Figs. 4f and 4g) compared
with those exposed for a shorter time (Fig. 4h). In addition,
their chromosomes could not fully separate during M phase
and they contained noticeably reduced chromatin material
(compare Fig. 4i to 4j). In blastomeres exposed to aphidicolin
for 8.5 hr, almost all of the nuclei were small or very weakly
stained and often were conjoined. In these blastomeres at
M phase, chromosomes exhibited severe abnormalities, fail-
ing to separate or having greatly reduced chromatin (Fig.
4k). In some cases, one of the daughter cells failed to receive
chromosomes and became anucleate (Fig. 4l).
Time of onset of spindle-assembly checkpoint. In this
experiment, embryos were exposed to 10 mg/ml aphidicolin
FIG. 2. Arrest of cleavage of animal-cap blastomeres dissociated
or 0.1% DMSO as control from the 2-cell stage, and theirfrom an embryo exposed to 2 mg/ml aphidicolin from the 2-cell
animal-cap blastomeres were isolated after 4th cleavage.stage. (a) Control blastomeres from embryos exposed to 1% DMSO
These were treated with 1 mg/ml nocodazole for 2 hr infor 18 hr, during which they have cleaved 16 times; (b) blastomeres
the presence of aphidicolin or DMSO, beginning at 1-hrfrom embryos exposed to aphidicolin for 24 hr, arrested after 12th
cleavage. Bar scales, 150 mm. intervals from 5th cleavage. At the end of each treatment,
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they were immediately ®xed. Therefore, the total exposure
time to aphidicolin varied from 3.5 to 8.5 hr, but nocodazole
exposure was kept constant at 2 hr.
Throughout the experiment, blastomeres treated with
aphidicolin and nocodazole contained fewer conjoined nu-
clei than those treated with aphidicolin alone. With aphidi-
colin and nocodazole together, the average frequency of con-
joined nuclei increased with an increased time of exposure
to aphidicolin from 6% for the shortest exposure (3.5 hr) to
11 and 12% for 4.5 and 5.5 hr of exposure, respectively,
reaching a maximum of 16% for 8.5 hr of exposure. In blas-
tomeres treated with aphidicolin and nocodazole, unlike
those treated with aphidicolin alone, chromatids were never
observed stretching between two chromosomes at M phase.
Chromosomes at prophase appeared normal, as in DMSO-
treated control blastomeres (Fig. 5a), and those at M phase
(Figs. 5b±5d) closely resembled those in blastomeres treated
with nocodazole alone, showing colchicine(C)-mitosis, as
described previously (Clute and Masui, 1992). A few blasto-
meres (1%) also contained punctate, condensed chroma-
tin (Fig. 5e), which was counted as M phase in the mitotic
index.
The six, 2-hr nocodazole treatments spanned chromo-
some cycles 6±9, 8±10, 10±12, 11±13, 13±14, and 14 of
control animal-cap blastomeres and cycles 6±8, 7±8, 8±9,
9±10, 10±11, and 11 of blastomeres exposed to 10 mg/ml
aphidicolin (Fig. 6). During the ®rst three treatment periods,
spanning the 6th to 12th cycles, the mitotic index of control
blastomeres declined gradually from 56 to 46%, while in
cells exposed to aphidicolin, during the 6th to 9th cycles,
from 36 to 26% (Fig. 6). In these ®rst three treatments, the
mitotic index of nocodazole-treated blastomeres was not
signi®cantly different from that of blastomeres exposed to
aphidicolin or from that of control blastomeres exposed to
DMSO (Fig. 6).
However, during the 4th, 2-hr treatment, beginning at 3
FIG. 3. Doubling frequencies used to indicate cleavage syn- hr after 5th cleavage, control blastomeres underwent the
chrony of animal-cap blastomeres during chromosome cycles. 11th to 13th chromosome cycles and their mitotic index
(A±D) Four embryos exposed to 0.1% DMSO or (E±H) to 10 mg/ precipitously declined, whereas aphidicolin-treated blasto-
ml aphidicolin from the 2-cell stage. At 5-min intervals, the meres underwent the 9th and 10th chromosome cycles and
number of animal-hemisphere cells in each embryo was counted. their mitotic index also continuously declined (Fig. 6). In
After 3rd cleavage, embryos were demembranated and trans-
contrast, during the same treatment period, nocodazole-ferred into CFMD solution containing DMSO or aphidicolin at
treated cells, whether aphidicolin-treated or not, increased20 { 17C to dissociate, while counting of cells at 5-min intervals
their mitotic index markedly, to more than 60% (Fig. 6). Inwas continued. After 6th cleavage, 6 to 14 single blastomeres
both cases, the difference in mitotic index between nocoda-were isolated from the animal-pole region of each embryo. Upon
zole-treated and untreated cells was highly signi®cant whenfurther cleavages, each blastomere formed a cluster of cells. Ev-
ery 5 min, the cells in each cluster were counted, but after 10th tested by a Wilcoxon rank sum test (P0.01). During the
cleavage, when each cluster contained 16 cells, 1 cell per cluster 5th and 6th treatments, both in aphidicolin-treated and in
was isolated and observations were continued. Thus, the percent- DMSO-treated blastomeres, the mitotic index remained at
ages of cell clusters derived from the same embryo, which con- a signi®cantly higher level when treated with nocodazole,
tained double the number of cells of the previous cell cycle (i.e., while that of blastomeres treated with aphidicolin or DMSO
doubling frequency), were calculated at 5-min intervals. Ab-
alone further decreased (P0.01) (Fig. 6).scissa, hours after 3rd cleavage. Ordinate, doubling frequency.
Therefore, both in aphidicolin-treated and in control blas-Bold numbers, chromosome cycles. The doubling frequency gen-
tomeres, it was the 4th, 2-hr nocodazole treatment, span-erated by nth cleavage corresponds to that during the (n / 1)th
ning 3±5 hr after 5th cleavage, that ®rst caused a signi®cantchromosome cycle. Failure of the doubling frequency to reach
increase in the mitotic index above that of blastomeres cul-100% during a chromosome cycle signi®es cleavage asynchrony
at the beginning of that cycle. tured without nocodazole. Since this nocodazole treatment
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TABLE 2
Average Doubling Times (ADT { SD) and Coef®cients of Variation of the Average Doubling Times (CV) of Animal-Cap Blastomeres
Dissociated from Embryos Exposed to Aphidicolin from the 2-Cell Stage
Aphidicolin DMSO Nuclear cycle
concentration concentration
(mg/ml) (%) 3 4 5 6 7 8 9
0 1.0 ADT { SD 32 { 2 32 { 2 31 { 4 32 { 3 30 { 2 30 { 1 30 { 5
CV 0.06 0.06 0.13 0.09 0.07 0.03 0.17
n 23 22 22 19 24 47 46
2 0.02 ADT { SD 32 { 2 36 { 2 31 { 3 36 { 2 37 { 4 56 { 14 99 { 29
CV 0.06 0.06 0.10 0.06 0.11 0.25 0.29
n 10 10 10 9 22 22 22
5 0.05 ADT { SD 32 { 2 31 { 2 34 { 3 43 { 7 42 { 15 89 { 29 Ð
CV 0.06 0.06 0.09 0.16 0.36 0.32
n 10 10 10 10 16 16
10 0.1 ADT { SD 32 { 2 32 { 4 35 { 3 43 { 6 46 { 16 80 { 32 65 { 22
CV 0.06 0.12 0.08 0.14 0.35 0.40 0.34
n 10 10 10 10 27 19 15
50 0.5 ADT { SD 32 { 3 38 { 3 107 { 17 95 { 22 74 { 25 73 { 19 Ð
CV 0.09 0.08 0.16 0.23 0.34 0.26
n 5 5 5 5 10 7
100 1.0 ADT { SD 34 { 3 33 { 6 97 { 18 75 { 20 83 { 27 84 { 41 Ð
CV 0.09 0.18 0.19 0.27 0.32 0.49
n 5 5 5 5 8 8
Note. CV  SD 4 ADT; n, number of cases examined.
spanned the 11th to 13th cycles of control blastomeres, somes was the same as in untreated blastomeres (Clute and
Masui, 1992). However, in aphidicolin-treated blastomereswhereas only the 9th and 10th cycles of aphidicolin-treated
blastomeres, it is clear that microtubule-dependent chro- from early blastulae, up to 12% of nuclei were conjoined,
and M-phase ®gures with incompletely separated chromo-mosome cycles ®rst appear at the same chronological age
both in aphidicolin-treated and in untreated blastomeres, somes were observed in a few cells. In late blastula cells
treated with aphidicolin for 1 to 4 hr, only a few M-phaseregardless of the N/C ratio.
®gures were found, and a majority of cells remained in in-
terphase, with a normal-looking nucleus (Fig. 8c).
Animal-Cap Blastomeres Treated with Aphidicolin The DNA contents of aphidicolin-treated cells were re-
during the Blastula Stage duced when compared with control cells. The average DNA
content expressed as the ``total gray value'' of Hoechst ¯uo-Cleavages and nuclear morphology. In this series of ex-
periments, animal-cap blastomeres were isolated from early rescence of nuclei in cells treated with aphidicolin for 2 hr
(8.0 1 105, n  13) was only half that of nuclei in thoseblastulae during the 7th chromosome cycle or from late
blastulae during the 14th cycle and were exposed to 50 mg/ treated for the same duration with 0.1% DMSO and 50
mg/ml cycloheximide (15.6 1 105, n  14), which arrestsml aphidicolin or 0.5% DMSO as control for 1 to 4 hr.
During the ®rst 2 hr of treatment, DMSO-treated control blastomeres at G2 phase (Miake-Lye et al., 1983). In addi-
tion, the mitotic index of aphidicolin-treated blastomeresblastomeres taken from early blastulae completed three or
four cleavages, whereas those taken from late blastulae un- fell rapidly to lower levels than that of control blastomeres
(Fig. 7). These results suggest that treatment of late blastuladerwent a single cleavage. Aphidicolin-treated blastomeres
from early blastulae underwent two or three cleavages, and cells with aphidicolin caused the cell cycle to arrest at in-
terphase, within 2 hr.then in the following hour they ceased to cleave any further.
Similarly, aphidicolin-treated blastomeres from late blastu- Inducing M phase in interphase-arrested blastomeres.
Caffeine has been known to overcome the interphase arrestlae did not undergo any cleavage during the treatment.
However, exposure to trypan blue indicated that these blas- in mammalian cells induced by inhibitors of DNA synthesis
(Schlegel et al., 1987; Downes et al., 1994). Therefore, totomeres remained viable during the treatment. Blastomeres
were ®xed immediately at the end of treatment and were examine its effect on chromosome cycles arrested at in-
terphase in blastula cells treated with aphidicolin, animal-stained with Hoechst dye to examine nuclear morphology.
In DMSO-treated control blastomeres isolated from early cap blastomeres were taken from early and late blastulae
and were exposed to 5 mM caffeine in the presence of 50or late blastulae, the morphology of nuclei and chromo-
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FIG. 4. Nuclei and M-phase ®gures in animal-cap blastomeres exposed to 10 mg/ml aphidicolin from the 2-cell stage. (a±e,h,j) Blastomeres
exposed for 3.5 hr; (f,g,i) for 6.5 hr; (k,l) for 8.5 hr. (a) Early anaphase ®gure with ``conjoined'' chromatids between the separating groups
of chromatids; (b) late anaphase ®gure with conjoined chromatids; (c) telophase ®gure with conjoined chromatids; (d) conjoined nuclei;
(e) punctate spots of condensed chromatin; (f) small nucleus; (g) weakly ¯uorescent nucleus; (h) interphase nucleus; (i) metaphase ®gure
with reduced DNA amount; (j) metaphase ®gure with DNA amount not reduced; (k) mitotic ®gure with reduced amount of chromatin
passing into one daughter cell; (l) anucleate cell containing four asters. Bar scales, 20 mm. Magni®cation of (a) the same as (b,c,f±j); of (d)
the same as (e,k).
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mg/ml aphidicolin, or 0.5% DMSO as control, for 1 to 4 hr.
The cells were immediately ®xed at the end of treatment,
and nuclear morphology was examined.
Treatment with caffeine alone for up to 4 hr had no dis-
cernible effect on the morphology of nuclei and M-phase
®gures (Figs. 8a and 8b), which were similar to those de-
scribed previously (Clute and Masui, 1992). In contrast, in
up to 10% of cells cotreated with aphidicolin and caffeine,
conjoined nuclei were found, and in 26 or 27%, highly con-
densed masses of chromatin were found (Fig. 8d). Since the
highly condensed masses of chromatin were often associ-
ated with normally condensed chromosomes (Fig. 5g), they
were counted as M-phase ®gures of blastomeres treated
with caffeine and aphidicolin. Thus, within 2 hr of treat-
ment, the mitotic index of blastomeres from the late blas-
tula stage became signi®cantly higher in the presence of
aphidicolin and caffeine together, than with aphidicolin
alone, reaching 26% (P0.01; Fig. 7). Clearly, caffeine treat-
ment of aphidicolin-treated blastomeres could induce some
blastomeres that would otherwise be arrested at interphase
to enter M phase. Interestingly, the frequency of the highly
condensed masses of chromatin declined over a 3-hr period
(Fig. 7), suggesting that they later decondensed to form a
nucleus. Probably, this decrease represented the transition
from M phase to interphase during the caffeine-induced
chromosome cycle.
Spindle-assembly checkpoint during caffeine-induced M
phase. When blastomeres were treated with 5 mM caf-
feine alone, there was no discernible change in chromosome
condensation, either in chromosome morphology or in the
mitotic index (Table 3). Nuclei and M-phase ®gures of blas-
tomeres isolated from early and late blastulae and treated
with 5 mM caffeine and 1 mg/ml nocodazole for 1 to 4 hr
closely resembled those of blastomeres treated with nocoda-
zole alone, showing typical colchicine(C)-mitotic ®gures
and nuclei (Fig. 8g), with no difference in the mitotic index
observed between these cases (Table 3). However, when
blastomeres treated with 50 mg/ml aphidicolin were ex-
posed to 1 mg/ml nocodazole and 5 mM caffeine for 2 hr
(Fig. 8f), some highly condensed masses of chromatin ap-
peared (Fig. 8h), which often were associated with typical,
normally condensed chromosomes, as described in the pre-
vious section (Fig. 5h). In addition, the mitotic index in-
creased markedly in blastomeres treated with aphidicolin
and caffeine (26 and 27% for early and late blastulae, respec-
after 5th cleavage; (f,g) blastomeres exposed to 50 mg/ml aphidicolin
and 5 mM caffeine for 4 hr from the early blastula stage; (h) blasto-
meres exposed to 50 mg/ml aphidicolin, 5 mM caffeine, and 1 mg/
ml nocodazole for 2 hr from the late blastula stage. (a) Prophase,
(b) C-metaphase, (c) C-anaphase, (d) C-telophase, (e) punctate spots
of condensed chromatin, (f) interphase nucleus, (g,h) highly con-FIG. 5. Nuclei and M-phase ®gures in animal-cap blastomeres
densed chromatin continuous with condensed chromosomes. Barexposed to aphidicolin together with nocodazole or with caffeine
scales, 10 mm. Magni®cation of (b,c,e,g,h) the same as (a); of (f) theand nocodazole. (a±e) Blastomeres exposed to 10 mg/ml aphidicolin
same as (d).from the 2-cell stage and 1 mg/ml nocodazole for 2 hr from 1 hr
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the mitotic index, or prolongs M phase, during chromo-
some-condensation cycles only after the MBT, whether
they are induced by caffeine or not.
DISCUSSION
In this study, Xenopus embryos were treated with aphidi-
colin, a speci®c DNA polymerase inhibitor, from the 2-cell
stage in order to decrease the nucleocytoplasmic (N/C) ratio
of animal-cap blastomeres (Ikegami et al., 1978, 1979). The
intensity of nuclear ¯uorescence of Hoechst-stained blasto-
meres treated with aphidicolin for 2 hr was only half that
of those treated with cycloheximide, which arrests blasto-
meres in G2 phase (Miake-Lye et al., 1983). This observation
indicates that the N/C ratio of aphidicolin-treated blasto-
meres was less than that of control blastomeres of the same
age, since aphidicolin treatment could not only reduce the
DNA content, but could also delay cell cycles. In the blasto-
meres, sister chromatids frequently were observed stretchedFIG. 6. Mean mitotic index of animal-cap blastomeres from em-
between the separating groups of chromatids at anaphasebryos exposed to 10 mg/ml aphidicolin or 0.1% DMSO from the 2-
cell stage and cotreated with 1 mg/ml nocodazole for 2 hr beginning and telophase (Figs. 4b and 4c), indicating that chromosome
at 1-hr intervals from 5th cleavage. Abscissa, time at the end of replication was probably not complete. Nevertheless, the
nocodazole treatment, counted from 5th cleavage (0 hr). At the end blastomeres continued to cleave, even at high doses of
of each treatment, animal caps were immediately ®xed and mitotic aphidicolin, up to the 11th chromosome cycle, which con-
indices were scored. Bars below abscissa: timing of chromosome ®rms previous observations (Kimelman et al., 1987; New-
cycles at 20 { 17C: (a) embryos exposed to 10 mg/ml aphidicolin
port and Dasso, 1989). However, the average doubling timefrom the 2-cell stage; (b) control embryos exposed to 0.1% DMSO.
became markedly prolonged between the 5th and 9th cyclesMark between nth and (n / 1)th chromosome cycle: nth cleavage.
in a dose-dependent manner (Fig. 1). Although it is unclearFor each mean mitotic index, 20 to 78 animal caps were examined.
how doubling times of aphidicolin-treated blastomeres were
tively) compared with the mitotic index of cells treated with
aphidicolin alone (4% and 6% for early and late blastulae,
respectively) (Table 3). Therefore, it appears that caffeine
treatment causes abnormal chromosome condensation only
when DNA synthesis is inhibited.
However, in blastomeres isolated from early blastulae at
the 7th chromosome cycle, the mitotic index remained the
same whether cells were treated with 1 mg/ml nocodazole
simultaneously with aphidicolin and caffeine, or with
aphidicolin and caffeine alone, for 2 hr. The former re-
mained at 23%, and the latter at 27% (Table 3). These blas-
tomeres would normally reach the 10th chromosome cycle,
and not the MBT, by the end of the 2-hr treatment period
if treated with DMSO alone. Therefore, nocodazole failed
to prolong M phase before the MBT, whether M phase was
induced by caffeine or not.
In contrast, both in aphidicolin-treated and in untreated
blastomeres taken from late blastulae at the 14th chromo-
some cycle, caffeine-induced mitotic indices were markedly
FIG. 7. Mean mitotic index of animal-cap blastomeres from lateelevated by nocodazole treatment to 58% (Table 3). Thus,
blastulae treated with 5 mM caffeine, 50 mg/ml aphidicolin, or both
exposure to nocodazole after the MBT did increase the mi- for 0 to 4 hr. At the end of each treatment, animal caps were
totic index in blastomeres in which chromosome condensa- immediately ®xed and mitotic indices were scored. For each mean
tion was induced by caffeine during aphidicolin treatment, mitotic index, 20 animal caps treated with aphidicolin or aphidi-
reaching levels similar to those observed in other nocoda- colin and caffeine and 10 animal caps treated with caffeine or
DMSO were examined.zole treatments. Therefore, nocodazole treatment increases
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8540 / 6x21$$$201 04-22-97 16:10:41 dba
10 Clute and Masui
FIG. 8. Mitotic chromosome of Xenopus animal-cap blastomeres obtained from early blastulae (a±d,f) and from late blastulae (e,g,h).
Blastomeres were treated for 2 hr with (a,b) 5 mM caffeine; (c,e) 50 mg/ml aphidicolin; (d) 50 mg/ml aphidicolin and 5 mM caffeine (arrows
indicate condensed chromatin); (f,h) 50 mg/ml aphidicolin, 5 mM caffeine, and 1 mg/ml nocodazole; or (g) 5 mM caffeine and 1 mg/ml
nocodazole. Cells were ®xed at the end of each treatment and stained with Hoechst 33342. Bar scales, 20 mm. Magni®cation of (b±f) the
same as (a); of (h) the same as (g).
prolonged at these earlier stages, it is possible that the feed- become fully operational at the MBT, since all of the blasto-
meres treated in the present study stopped cleaving afterback mechanism which operates at the S-phase checkpoint,
to monitor DNA replication, can be partially activated completing the 11th, 12th, or 13th cleavage, regardless of
the concentration of aphidicolin used (Table 1). This sug-when the N/C ratio in animal-cap blastomeres exceeds 64/
ml between the 5th and 9th cleavage. This is supported by gests that at the MBT, the blastomeres reached a suf®cient
N/C ratio to activate the checkpoint, inhibiting entry intothe observation that the duration of chromosome cycles
increases when N/C ratios are increased by adding nuclei G2 phase in response to unreplicated DNA (Dasso and New-
port, 1990). Unlike in normal blastomeres, cleavages ofto egg extracts above 100/ml (Dasso and Newport, 1990).
However, the S-phase checkpoint mechanism appears to aphidicolin-treated blastomeres became asynchronous at an
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TABLE 3
Mean Mitotic Index of Animal-Cap Blastomeres Isolated from Early Blastulae during the 7th Nuclear Cycle or from Late Blastulae
during the 14th Cycle, Treated with Caffeine, Aphidicolin, Nocodazole, or Combinations thereof, for 2 hr
Mean mitotic index ({SD)
Early Late
Treatment blastulae blastulae
0.5% DMSO 0.46 { 0.29 0.05 { 0.03
1 mg/ml nocodazolea 0.49 { 0.23 0.73 { 0.14
5 mM caffeine 0.47 { 0.18 0.05 { 0.02
5 mM caffeine / 1 mg/ml nocodazole 0.50 { 0.09 0.73 { 0.14
50 mg/ml aphidicolin 0.04 { 0.05 0.06 { 0.04
50 mg/ml aphidicolin / 5 mM caffeine 0.27 { 0.08 0.26 { 0.08
50 mg/ml aphidicolin / 5 mM caffeine / 1 mg/ml nocodazole 0.23 { 0.06 0.58 { 0.10
Note. For each point, 20 animal caps were examined.
a Data from Clute and Masui (1992), Tables 1 and 2.
earlier time, before the MBT (Fig. 3). This may be explained ages in the former are delayed by one cycle. Therefore, mi-
crotubule-dependent chromosome cycles would appear inby the fact that the effect of aphidicolin was not uniform
among blastomeres, perhaps due to differences between in- these tetraploid and diploid embryos at the same chronolog-
ical age and at the same N/C ratio, whether the regulationdividual blastomeres in permeability to the drug. This could
lead to cleavages being delayed to different degrees in differ- is age-dependent or N/C-dependent. For this reason, we in-
creased as well as decreased the N/C ratio of embryos with-ent blastomeres, resulting in an arti®cial asynchrony, pre-
sumably unrelated to the normal asynchrony that develops out altering their age by removing cytoplasm or by delaying
nucleation of embryos of the same age, as previously re-at the MBT.
Nevertheless, treatment of blastomeres with 10 mg/ml ported, to answer the question of whether the onset of mi-
crotubule-dependent chromosome cycles is age-dependentaphidicolin from the 2-cell stage did not delay the time
of onset of nocodazole-sensitive chromosome cycles. The or N/C-dependent. In both cases, it was found that the spin-
dle-assembly checkpoint appeared at the normal time, wellmean mitotic index of nocodazole-treated blastomeres,
whether aphidicolin-treated or not, ®rst became signi®- before or well after the operated embryos reached the N/C
ratio that is critical for the onset of asynchronous cleavagescantly higher than that of untreated, control blastomeres at
the same age, of 3 to 5 hr after 5th cleavage (Fig. 6). During (Clute and Masui, 1995). In other words, the appearance of
the spindle-assembly checkpoint is conditioned by a criticalthis 2-hr treatment, control blastomeres undergo the 11th
to 13th chromosome cycles, but aphidicolin-treated blasto- chronological age, not by the N/C ratio.
However, this situation appears to be distinct from thatmeres undergo the 9th and 10th cycles. Their N/C ratios
become 64 to 256 times, and at most 32 times, that of an in egg extracts, which can immediately activate the spindle-
assembly checkpoint when the N/C ratio is increased to aanimal blastomere in the 5th cycle, respectively. However,
the actual N/C ratio of aphidicolin-treated cells was proba- high level (Minshull et al., 1994). The possible reason for
this discrepancy between in vivo and in vitro systems maybly less than 32 times this value since the DNA content of
aphidicolin-treated blastomeres during a speci®c cycle is be found in the fact that the biochemical activities of these
systems are essentially different, in some aspects. In intactless than that of control blastomeres during the same cycle,
as discussed above. Thus, chromosome cycles both in embryos, introduction of c-mos gene products into blasto-
meres causes mitotic arrest at metaphase (Sagata et al.,aphidicolin-treated and in untreated blastomeres became
microtubule-dependent at the same chronological age, but 1989), whereas in activated egg extracts, it fails to arrest
mitosis, although it activates MAP kinase (Nebreda andat distinct N/C ratios.
To verify this conclusion, it would be desirable to use Hunt, 1993). In addition, in normally developing Xenopus
embryos, MAP kinase activity disappears upon the exitembryos with N/C ratios higher than those of normal em-
bryos, in which cleavage is inhibited without inhibiting from meiosis after egg activation and cannot be detected
again until late in embryonic development (Ferell et al.,DNA replication by physical or chemical agents. However,
we note that it is dif®cult to draw a conclusion from such 1991; Gotoh et al., 1991). Further, when active MAP kinase
is introduced into 2-cell embryos, like CSF or c-mos, ita test, since N/C ratios cannot be increased without aging
the embryos. For example, tetraploids can be made by inhib- causes M-phase arrest even at a very low N/C ratio, without
disassembly of spindle microtubules (Haccard et al., 1993).iting the 1st cleavage, but control diploids also attain the
same N/C ratio at the same chronological age, since cleav- In contrast, in egg extracts, MAP kinase activity appears
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and oscillates even after eggs have been activated, and more- appears that the same spindle-assembly checkpoint mecha-
nism operates both in post-MBT normal blastomeres andover, MAP kinase activity can be maintained and chromo-
some cycles are arrested at M phase when microtubules are in those treated with aphidicolin and caffeine, to maintain
MPF activity and delay the exit of the cell cycle from Mdepolymerized by nocodazole at high N/C ratios (Minshull
et al., 1994). However, in intact mammalian cells in culture, phase until the mitotic spindle has been completely formed.
no MAP kinase activity is seen in nocodazole-arrested cells
(Cooper, 1989; Tamemoto et al., 1992; Heider et al., 1994).
Therefore, if MAP kinase activity is involved in mitotic ACKNOWLEDGMENTS
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